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Abstract: Cutaneous lupus erythematosus (CLE) in humans encompasses multiple subtypes that 
exhibit a wide array of skin lesions and, in some cases, are associated with the development of 
systemic lupus erythematosus (SLE). We investigated dogs with exfoliative cutaneous lupus 
erythematosus (ECLE), a dog-specific form of chronic CLE that is inherited as a monogenic 
autosomal recessive trait. A genome-wide association study (GWAS) with 14 cases and 29 controls 
confirmed a previously published result that the causative variant maps to chromosome 18. 
Autozygosity mapping refined the ECLE locus to a 493 kb critical interval. Filtering of whole 
genome sequence data from two cases against 654 controls revealed a single private protein-
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changing variant in this critical interval, UNC93B1:c.1438C>A or p.Pro480Thr. The homozygous 
mutant genotype was exclusively observed in 23 ECLE affected German Shorthaired Pointers and 
an ECLE affected Vizsla, but absent from 845 controls. UNC93B1 is a transmembrane protein located 
in the endoplasmic reticulum and endolysosomes, which is required for correct trafficking of several 
Toll-like receptors (TLRs). The p.Pro480Thr variant is predicted to affect the C-terminal tail of the 
UNC93B1 that has recently been shown to restrict TLR7 mediated autoimmunity via an interaction 
with syndecan binding protein (SDCBP). The functional knowledge on UNC93B1 strongly suggests 
that p.Pro480Thr is causing ECLE in dogs. These dogs therefore represent an interesting 
spontaneous model for human lupus erythematosus. Our results warrant further investigations of 
whether genetic variants affecting the C-terminus of UNC93B1 might be involved in specific subsets 
of CLE or SLE cases in humans and other species. 
Keywords: Canis familiaris; dermatology; immunology; animal model; skin; TLR7; toll-like receptor; 
syndecan binding protein; syntenin-1; systemic lupus erythematosus; SLE; CLE 
 
1. Introduction 
In humans, cutaneous lupus erythematosus (CLE) represents a group of lupus erythematosus 
(LE)-associated autoimmune skin diseases exhibiting a cell-rich interface dermatitis leading to 
erosions and ulcerations with subsequent scarring, disfiguration and decreased quality of life [1–4]. 
CLE can affect only the skin or be present as part of a diverse range of potentially life-threatening 
and debilitating symptoms in patients with systemic lupus erythematosus (SLE) [1–4]. 
The incidence of CLE has been reported at ~4 cases per 100,000 persons per year [5–8]; 10% to 
30% of human patients with CLE exhibit a transition from cutaneous into SLE forms, suggesting 
shared pathways and genetic background relevant to both cutaneous and systemic manifestations 
[5,6,9]. 
It has been proposed that some CLE forms, similarly to SLE, have an underlying genetic 
predisposition that combines with environmental factors to elicit an abnormal immune response with 
a continuous activation of the innate immune system. Several genetic associations have been 
identified in human CLE, with the majority of them involving type I interferon pathways, cell death 
and clearance of cell debris, antigen presentation and immune cell regulation [10,11]. To date, a single 
monogenic form of CLE caused by heterozygous variants in the TREX1 gene encoding the three 
prime repair exonuclease has been identified in human patients with familial chilblain lupus 
erythematosus [12]. The pathogenic TREX1 variants lead to chronic hyperactivation of the type I 
interferon system via cytosolic DNA recognition pathways [11,13]. A rare monogenic form of SLE in 
humans is caused by variants in the DNASE1 gene encoding deoxyribonuclease 1 [14]. Mice deficient 
for Dnase I also develop an SLE-like autoimmune disease [15]. 
Dogs may also suffer from various forms of CLE, some of which resemble or are identical to 
their human homologs [4]. The so-called exfoliative cutaneous lupus erythematosus (ECLE) is a dog-
specific variant of chronic CLE that has a very strong hereditary component and appears to be 
inherited as a monogenic autosomal trait [16–18]. Despite its current designation, signs of ECLE are 
not restricted to the skin. In most patients, ECLE starts with characteristic skin lesions in juvenile or 
young adult dogs (Figure 1). In later stages, ECLE often additionally affects the joints with severe 
pain, but a progression to classic antinuclear antibody-positive SLE is usually not seen [4,16–18]. The 
treatment of ECLE-affected dogs with immunomodulatory drugs often is insufficient to achieve long-
lasting control of the disease, leading to a guarded prognosis [18,19]. Dogs affected with ECLE often 
are euthanized due to the severity of their disease. ECLE has been observed in several closely related 
hunting dog breeds, German Shorthaired Pointers, Braques du Bourbonnais, and Vizslas. 
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Figure 1. Exfoliative Cutaneous Lupus Erythematosus (ECLE) phenotype. (A) Scarring alopecia, 
generalized hair loss and adherent crusts on the face of a 2-year-old male dog. (B) Erythematous 
lesions on the back of a 1.5-year old male dog. (C) Close up of patchy lesions on the abdomen. (D) 
Haired skin from an ECLE affected dog with typical histological changes that include a cell-rich 
interface inflammation with frequent basal keratinocyte apoptosis (arrows). Hematoxylin and eosin 
stain. 
A previously reported genome-wide association study (GWAS) mapped the causative genetic 
defect for ECLE to chromosome 18, but the causative variant has not yet been identified [20]. The 
best-associated marker was located at position 53,913,829 (CanFam 2) [20], which corresponds to 
50,888,317 in the current CanFam 3.1 assembly. 
In the present study, we performed a new GWAS followed by a whole genome sequencing 
approach with the goal to identify the causative genetic variant for ECLE in dogs. 
2. Materials and Methods  
2.1. Ethics Statement 
All the dogs in this study were privately owned and samples were collected with the consent of 
their owners. The collection of blood samples was approved by the “Cantonal Committee for Animal 
Experiments” (Canton of Bern; permit 75/16). 
2.2. Animal Selection 
This study included 877 dogs. They consisted of 552 German Shorthaired Pointers (26 ECLE 
cases/526 controls), 52 unaffected German Longhaired Pointers, 210 unaffected German Wirehaired 
Pointers, 7 unaffected Braques du Bourbonnais, and 56 Vizslas (1 ECLE case/55 controls). The 27 
ECLE cases were diagnosed by licensed veterinarians. The 850 dogs classified as unaffected 
represented population controls without reports of severe immunological or skin-related health 
issues. Peripheral blood samples were collected in EDTA vacutainers and stored at −20°C. Additional 
details on samples are given in Table S1. 
2.3. DNA Extraction and SNV Genotyping 
Genomic DNA was either available from a previous study [20], isolated from EDTA blood with 
the Maxwell RSC Whole Blood Kit using a Maxwell RSC instrument (Promega, Dübendorf, 
Switzerland), or from formalin-fixed paraffin-embedded (FFPE) tissue samples using the Maxwell 
RSC DNA FFPE kit according to the manufacturer’s instructions. DNA from 14 ECLE cases and 29 
controls was genotyped on illumina_HD canine BeadChips containing 220,853 markers (Neogen, 
Lincoln, NE, USA). The raw SNV genotypes are available in File S1. We did not have complete 
pedigree information on all 43 dogs that were genotyped on the SNV arrays. Some of the dogs were 
closely related, including, for example, 5 cases that were full siblings. Table S2 lists the pairwise IBD 
between all dogs and gives an objective measure of the relatedness between the genotyped dogs. A 
multiple dimension scaling (MDS) plot is shown in Figure S1. 
The previously published GWAS [20] had been done with Affymetrix v2 127 k SNV genotyping 
arrays. A total of 6 cases and 2 controls were shared between the two analyses. The other 35 samples 
herein were from dogs different from those of the previous study. 
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For some dogs from the previous study [20] only very little DNA was left. The remaining DNA 
of 8 German Shorthaired Pointers was used up for SNV genotyping on the illumina_HD canine 
BeadChips. In these dogs, no specific targeted genotyping could be performed (see Section 2.8 below). 
2.4. GWAS and Autozygosity Mapping 
We used PLINK v.1.9 for basic file manipulation of the SNV genotypes [21]. We removed 
markers and individuals with less than 90% call rates. We further removed markers with minor allele 
frequency of less than 10% and markers deviating from the Hardy–Weinberg equilibrium in controls 
with a p-value of less than 10−5. An allelic GWAS was then performed with the GEMMA 0.98 software 
using a linear mixed model including an estimated kinship matrix as covariable to correct for the 
genomic inflation [22]. Manhattan and QQ plots of the corrected p-values were generated in R [23]. 
For autozygosity mapping, the genotype data of 14 ECLE cases were used. A tped-file containing 
the markers on chromosome 18 was visually inspected in an Excel spreadsheet to find a homozygous 
shared haplotype in the cases (Table S3). 
2.5. Whole Genome Sequencing of Two Affected German Shorthaired Pointers 
Illumina TruSeq PCR-free DNA libraries with ~450 bp insert size of two affected German 
Shorthaired Pointers without known relationships were prepared. We collected 277 and 160 million 
2 × 150 bp paired-end reads on a NovaSeq 6000 instrument corresponding to 29.3× and 17.9× coverage, 
respectively. Mapping and alignment were performed as described previously [24]. The sequence 
data were deposited under study accession PRJEB16012 and sample accessions SAMEA5657398 and 
SAMEA6249504 at the European Nucleotide Archive. 
2.6. Variant Calling 
Variant calling was performed using GATK HaplotypeCaller [25] in gVCF mode as described 
[24]. To predict the functional effects of the called variants, SnpEff [26] software together with NCBI 
annotation release 105 for the CanFam 3.1 genome reference assembly was used. For variant filtering 
we used 654 control genomes, which were either publicly available [27,28] or produced during other 
projects of our group [24] (Table S4). 
2.7. Gene Analysis 
We used the CanFam 3.1 dog reference genome assembly and NCBI annotation release 105. 
Numbering within the canine UNC93B1 gene corresponds to the NCBI RefSeq accession numbers 
XM_540813.6 (mRNA) and XP_540813.3 (protein). 
2.8. Sanger Sequencing 
The UNC93B1:c.1438C>A variant was genotyped by direct Sanger sequencing of PCR amplicons. 
On high-quality genomic DNA samples, a 399 bp PCR product was amplified from genomic DNA 
using AmpliTaqGold360Mastermix (Thermo Fisher Scientific, Waltham, MA, USA) together with 
primers 5‘-ATC CGT GTC TGT GCC CTC A-3‘ (Primer F) and 5’-CGA CCT GAG ACG CGG TAA A-
3’ (Primer R). For FFPE-derived DNA samples, a smaller amplicon of 124 bp was amplified with the 
primers 5’-CCT CGT ACC TGT GGA TGG AG-3’ (Primer F2) and 5’-CTC TCG TCG GAG TTG TCC 
TC-3’ (Primer R2). After treatment with exonuclease I and alkaline phosphatase, amplicons were 
sequenced on an ABI 3730 DNA Analyzer (Thermo Fisher Scientific). Sanger sequences were 
analyzed using the Sequencher 5.1 software (GeneCodes, Ann Arbor, MI, USA). 
3. Results 
3.1. Mapping of the ECLE Locus 
We performed a GWAS with genotypes from 43 German Shorthaired Pointers. After quality 
control, the pruned dataset consisted of 14 ECLE cases, 29 controls and 116,891 markers. We obtained 
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a single association signal with 35 markers exceeding a suggestive significance threshold of p = 5 × 
10−5 after adjustment for genomic inflation. All associated markers were located on chromosome 18 
within an interval spanning from 49.0 Mb–53.9 Mb. The top-associated marker at Chr18:49,835,345 
had a p-value of 1.5 × 10−6 (Figure 2). 
To narrow down the identified region, we visually inspected the genotypes of the cases and 
performed an autozygosity mapping. We searched for homozygous regions with allele sharing and 
found one region of ~493 kb which was shared between all 14 cases. The critical interval for the 
causative ECLE variant corresponded to the interval between the first flanking heterozygous markers 
on either side of the homozygous segment or Chr18:49,545,431-50,038,225 (CanFam 3.1 assembly). 
 
Figure 2. Mapping of the ECLE locus by genome-wide association. (A) Manhattan plot illustrating a 
single signal on chromosome 18. The dashed red line indicates the threshold for suggestive 
significance at p = 5 × 10−5 according to [29]. The best associated marker did not reach the stringent 
Bonferroni significance threshold (pBonf. = 4.3 × 10−7) due to several close relationships and extreme 
genomic inflation in the dataset. The genomic inflation factor was 1.90 before and 0.99 after the 
correction. (B) The quantile–quantile (QQ) plot shows the observed versus expected –log(p) values. 
The straight red line in the QQ plot indicates the distribution of p-values under the null hypothesis. 
The deviation of p-values at the right side indicates that these markers are stronger associated with 
the trait than would be expected by chance. This supports the biological significance of the association. 
3.2. Identification of a Candidate Causative Variant 
We sequenced the genome of two affected dogs at 29.3 × and 17.9 × coverage and called SNVs 
and small indel variants with respect to the reference genome. We then compared these variants to 
whole genome sequence data of 8 wolves and 646 control dogs from genetically diverse breeds. This 
analysis identified two private homozygous variants in the critical interval in the affected dogs (Table 
1). A visual inspection of the short read alignments ruled out any additional structural variants 
affecting protein-coding sequences in the critical interval in the two sequenced cases. 
Table 1. Variants detected by whole genome re-sequencing of two ECLE-affected dogs. 
Filtering Step Variants 
Shared homozygous variants in whole genome 1,420,602 
Private homozygous variants (absent from 654 control genomes) in whole genome 25 
Shared homozygous variants in 493 kb critical interval 851 
Private variants (absent from 654 control genomes) in critical interval 2 
Protein changing private variants in critical interval 1 
One of the two private variants in the critical interval, Chr18:49,733,311C>T, was located in an 
intron of the CHKA gene and thus not investigated further. The other variant, Chr18:49,834,825C>A 
was a missense variant in the last exon of the UNC93B1 gene. The formal designation of this variant 
is XM_540813.6:c.1438C>A or XP_540813.3:p.(Pro480Thr). It is predicted to change a highly conserved 
amino acid in the C-terminal tail of the UNC93B1 protein. We confirmed the variant by Sanger 
sequencing (Figure 3). 
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Figure 3. Details of the UNC93B1 missense variant. (A) Representative Sanger electropherograms 
from dogs with the three different genotypes at c.1438C>A are shown. The amino acid translation is 
indicated. (B) Evolutionary conservation of the SDCBP binding domain [30]. The proline at position 
480 of the canine UNC93B1 protein is strictly conserved across all vertebrates. The sequences were 
derived from the following database accessions: dog XP_540813.3, human NP_112192.2, cow 
XP_540813.3, horse XP_023510352.1, mouse NP_062322.2, rat NP_001101983.1, chicken 
XP_004941322.1, frog NP_001093723.1, zebrafish XP_0026660582.1. (C) Scanning-alanine mutagenesis 
in mouse macrophages identified four mutants that disrupt SDCBP binding and lead to upregulated 
TLR7 signaling [30]. The altered residues in these mutants are underlined. 
3.3. Genotype Phenotype Association of the UNC93B1:p.Pro480Thr Variant 
We genotyped 544 German Shorthaired Pointers for the p.Pro480Thr variant and found a near 
perfect association of the genotypes at this variant with ECLE (pFisher = 1.2 × 10−39). None of the 520 
genotyped controls were homozygous for the mutant A/A genotype. However, one of the 24 
genotyped cases was not homozygous A/A. We speculate that this single discordant dog is likely due 
to a phenotyping error as it had an atypically late age of onset and was not clinically confirmed as 
having ECLE by a board certified veterinary dermatologist (Table S1). The analysis of additional 
animals from related hunting dog breeds revealed the presence of the mutant allele in German 
Longhaired Pointers and Vizslas. A single ECLE-affected Vizsla also had the homozygous mutant 
A/A genotype (Table 2). 
Table 2. Association of the genotypes at UNC93B1:c.1438C>A with ECLE. 
ECLE Phenotype Breed C/C C/A A/A 
Affected German Shorthaired Pointer (n = 24) 1 – 23 
Control German Shorthaired Pointer (n = 520) 457 63 – 
Control German Longhaired Pointer (n = 52) 50 2 – 
Control German Wirehaired Pointer (n = 210) 210 – – 
Control Braque du Bourbonnais (n = 7) 7 – – 
Affected Vizsla (n = 1)   1 
Control Vizsla (n = 56) 51 5 – 
4. Discussion 
In this study, we identified UNC93B1:pPro480Thr as a candidate causative variant for ECLE in 
dogs. We performed a new GWAS and obtained the strongest association signal on the same 
chromosome, but approximately 1 Mb more proximal than the location in the previously reported 
GWAS [20]. Given that linkage disequilibrium within breeds can span several Mb, we consider our 
new result a confirmation and refinement of the previously reported association. Compared to the 
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previous study [20], we detected a different ~500 kb homozygous haplotype block harboring the 7 
top markers of our GWAS that was shared among all 14 investigated ECLE cases. 
Whole genome sequencing data of two cases and 654 controls revealed a single private protein 
changing variant in the critical interval, UNC93B1:pPro480Thr. All but one of the designated ECLE 
cases were homozygous for the mutant allele with the single discordant dog believed to represent a 
phenotype mismatch. Conversely, the mutant allele was not found in a homozygous state in more 
than 1000 control dogs. 
The mutant allele was also detected in heterozygous status in controls of two related breeds, 
German Longhaired Pointers and Vizslas. These breeds share a common ancestry with German 
Shorthaired Pointers. This provides indirect support for the previous observation that ECLE also can 
affect dogs from breeds related to the German Shorthaired Pointer. The hypothesis of a common 
genetic defect in these breeds was confirmed by our finding of an ECLE affected Vizsla that was also 
homozygous mutant at the UNC93B1 variant. 
The UNC93B1 gene encodes a protein named “unc-93 homolog B1, TLR signaling regulator”. 
The human UNC93B1 consists of 597 amino acids and is a 12 transmembrane domain containing 
protein located in endosomal membranes [31]. It acts as a trafficking chaperone of the intracellular 
nucleic acid-sensing Toll-like receptors (TLRs) 3, 7 and 9 [32–35]. These TLRs are essential 
components of the innate immune system and activated when pathogen derived nucleic acids appear 
in endolysosomes. UNC93B1 mediates the correct trafficking and localization of these TLRs to 
endolysosomes [32]. Complete loss-of-function of UNC93B1 results in a severe immune deficiency in 
human patients [36] and the 3d mouse mutant [37]. 
Recently, the molecular mechanisms of the interaction of UNC93B1 with TLRs were studied in 
great detail. A 33 amino acid sequence motif in the cytoplasmic C-terminal domain of UNC93B1 binds 
to syndecan binding protein (SDCBP), also called syntenin-1. SDCBP interacts with both UNC93B1 
and TLR7 [30]. This interaction dampens TLR7 signaling and prevents autoimmune activation of 
TLR7 by endogenous nucleic acids [30,35]. Gene-edited mice expressing a mutant Unc93B1 in which 
three critical amino acids of this C-terminal domain were altered (530-PKP/AAA-532) developed 
hallmarks of systemic inflammation and autoimmunity [30], similar to what has been observed in 
Tlr7 overexpressing mice [38–40]. In summary, the available literature suggests that complete loss of 
function of UNC93B1 leads to an immune deficiency, while UNC93B1 variants that only affect the C-
terminal tail containing the SDCBP binding domain lead to upregulation of TLR7 signaling with 
subsequent development of systemic autoimmune disease. 
The detailed functional knowledge on the role of the C-terminal tail of UNC93B1 for the 
regulation of TLR7 signaling strongly suggests that ECLE in dogs is due to dysregulated TLR7 
signaling caused by the canine UNC93B1:p.Pro480Thr variant. 
To the best of our knowledge, ECLE affected dogs represent the first spontaneous UNC93B1 
mutant that develops an autoimmune disease of the lupus group. Therefore, these dogs represent an 
interesting model for human CLE and/or SLE. As already suggested by [30], it seems possible that 
lupus erythematosus or other related autoimmune diseases in some human patients might be due to 
comparable genetic variants in UNC93B1. 
5. Conclusions 
We identified the spontaneously arisen UNC93B1:p.Pro480Thr variant as likely causative for 
ECLE in dogs. Knowledge of this variant will facilitate genetic testing of dogs to prevent the non-
intentional breeding of ECLE-affected dogs. This unique canine form of CLE in dogs represents an 
interesting model for lupus erythematosus and potentially other autoimmune diseases in humans. 
Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: Multiple 
dimension scaling plot (MDS plot). File S1: SNV genotypes of 43 German Shorthaired Pointers. Table S1, details 
on 632 dogs in the study. Table S2: Pairwise IBD among the 43 dogs that were genotyped on SNV arrays. Table 
S3, results of autozygosity mapping. Table S4, accession numbers of 648 dog and 8 wolf genome sequences. 
Genes 2020, 11, 159 8 of 10 
 
Author Contributions: Conceptualization, T.L.; Data curation, V.J.; Investigation, T.L., F.L., S.K., A.L., K.B., 
K.M.M., M.K.H.; M.L.C.; Methodology, V.J., A.L.; Resources, K.L.G., A.C., M.L., F.B., T.O., S.D.W., D.B., J.R.M., 
H.L., E.A.M., M.L.C.; Supervision, T.L.; Visualization, T.L.; Writing—original draft, T.L.; Writing—review and 
editing, T.L. F.L., V.J., S.K., A.L., P.R., M.M.W., K.L.G., A.C., M.L., F.B., T.O., S.D.W., K.B., D.B., K.M.M., J.R.M., 
M.K.H., H.L., E.A.M., and M.L.C. All authors have read and agreed to the published version of the manuscript. 
Funding: This study was supported by a grant from the Swiss National Science Foundation. HL and MKH are 
supported by the Academy of Finland. 
Acknowledgement: The authors are grateful to all dog owners who donated samples and shared health and 
pedigree data of their dogs. We thank Eva Andrist, Nathalie Besuchet Schmutz, Sini Karjalainen, Sabrina Schenk, 
and Daniela Steiner for expert technical assistance, the Next Generation Sequencing Platform of the University 
of Bern for performing the high-throughput sequencing experiments, and the Interfaculty Bioinformatics Unit 
of the University of Bern for providing high performance computing infrastructure. We thank the Dog 
Biomedical Variant Database Consortium (Gus Aguirre, Catherine André, Danika Bannasch, Doreen Becker, 
Brian Davis, Cord Drögemüller, Kari Ekenstedt, Kiterie Faller, Oliver Forman, Steve Friedenberg, Eva Furrow, 
Urs Giger, Christophe Hitte, Marjo Hytönen, Vidhya Jagannathan, Tosso Leeb, Hannes Lohi, Cathryn Mellersh, 
Jim Mickelson, Leonardo Murgiano, Anita Oberbauer, Sheila Schmutz, Jeffrey Schoenebeck, Kim Summers, 
Frank van Steenbeek, Claire Wade) for sharing whole genome sequencing data from control dogs. We also 
acknowledge all researchers who deposited dog or wolf whole genome sequencing data into public databases. 
Conflicts of Interest: The authors declare no conflict of interest.  
References 
1. Sontheimer, R.D. The lexicon of cutaneous lupus erythematosus—A review and personal perspective on 
the nomenclature and classification of the cutaneous manifestations of lupus erythematosus. Lupus 1997, 6, 
84–95. 
2. Rothfield, N.; Sontheimer, R.D.; Bernstein, M. Lupus erythematosus: Systemic and cutaneous 
manifestations. Clin. Dermatol. 2006, 24, 348–362. 
3. Kuhn, A.; Landmann, A. The classification and diagnosis of cutaneous lupus erythematosus. J. Autoimmun. 
2014, 48–49, 14–19. 
4. Olivry, T.; Linder, K.E.; Banovic, F. Cutaneous lupus erythematosus in dogs: A comprehensive review. 
BMC Vet. Res. 2018, 14, 132. 
5. Durosaro, O.; Davis, M.D.; Reed, K.B.; Rohlinger, A.L. Incidence of cutaneous lupus erythematosus, 1965-
2005: A population-based study. Arch. Dermatol. 2009, 145, 249–253. 
6. Grönhagen, C.M.; Fored, C.M.; Granath, F.; Nyberg, F. Cutaneous lupus erythematosus and the association 
with systemic lupus erythematosus: A population-based cohort of 1088 patients in Sweden. Br. J. Dermatol. 
2011, 164, 1335–1341. 
7. Biazar, C.; Sigges, J.; Patsinakidis, N.; Ruland, V.; Amler, S.; Bonsmann, G.; Kuhn, A.; EUSCLE co-authors. 
Cutaneous lupus erythematosus: First multicenter database analysis of 1002 patients from the European 
Society of Cutaneous Lupus Erythematosus (EUSCLE). Autoimmun. Rev. 2013, 12, 444–454. 
8. Jarukitsopa, S.; Hoganson, D.D.; Crowson, C.S.; Sokumbi, O.; Davis, M.D.; Michet, C.J., Jr.; Matteson, E.L.; 
Maradit Kremers, H.; Chowdhary, V.R. Epidemiology of systemic lupus erythematosus and cutaneous 
lupus erythematosus in a predominantly white population in the United States. Arthritis Care Res. (Hoboken) 
2015, 67, 817–828. 
9. Chong, B.F.; Song, J.; Olsen, N.J. Determining risk factors for developing systemic lupus erythematosus in 
patients with discoid lupus erythematosus. Br. J. Dermatol. 2012, 166, 29–35. 
10. Hersh, A.O.; Arkin, L.M.; Prahalad, S. Immunogenetics of cutaneous lupus erythematosus. Curr. Opin. 
Pediatr. 2016, 28, 470–475. 
11. Wenzel, J. Cutaneous lupus erythematosus: New insights into pathogenesis and therapeutic strategies. Nat. 
Rev. Rheumatol. 2019, 15, 519–532. 
12. Rice, G.; Newman, W.G.; Dean, J.; Patrick, T.; Parmar, R.; Flintoff, K.; Robins, P.; Harvey, S.; Hollis, T.; 
O'Hara, A.; et al. Heterozygous mutations in TREX1 cause familial chilblain lupus and dominant Aicardi-
Goutieres syndrome. Am. J. Hum. Genet. 2007, 80, 811–815. 
13. Peschke, K.; Friebe, F.; Zimmermann, N.; Wahlicht, T.; Schumann, T.; Achleitner, M.; Berndt, N.; Luksch, 
H.; Behrendt, R.; Lee-Kirsch, M.A.; et al. Deregulated type I IFN response in TREX1-associated familial 
chilblain lupus. J. Investig. Dermatol. 2014, 134, 1456–1459. 
Genes 2020, 11, 159 9 of 10 
 
14. Yasutomo, K.; Horiuchi, T.; Kagami, S.; Tsukamoto, H.; Hashimura, C.; Urushihara, M.; Kuroda, Y. 
Mutation of DNASE1 in people with systemic lupus erythematosus. Nat. Genet. 2001, 28, 313–314. 
15. Napirei, M.; Karsunky, H.; Zevnik, B.; Stephan, H.; Mannherz, H.G.; Möröy, T. Features of systemic lupus 
erythematosus in Dnase1-deficient mice. Nat. Genet. 2000, 25, 177–181. 
16. Vroom, M.W.; Theaker, A.J.; Rest, J.R.; White, S.D. Case report: Lupoid dermatosis in 5 German short-hair 
pointer. Vet. Dermatol. 1995, 6, 93–98. 
17. Bryden, S.L.; White, S.D.; Dunston, S.M.; Burrows, A.K.; Olivry, T. Clinical, histopathological and 
immunological characteristics of exfoliative cutaneous lupus erythematosus in 25 German short-haired 
pointers. Vet. Dermatol. 2005, 16, 239–252. 
18. Mauldin, E.A.; Morris, D.O.; Brown, D.C.; Casal, M.L. Exfoliative cutaneous lupus erythematosus in 
German shorthaired pointer dogs: Disease development, progression and evaluation of three 
immunomodulatory drugs (ciclosporin, hydroxychloroquine, and adalimumab) in a controlled 
environment. Vet. Dermatol. 2010, 21, 373–382. 
19. Ferrigno, A.; Hoover, K.; Blubaugh, A.; Rissi, D.; Banovic, F. Treatment of exfoliative cutaneous lupus 
erythematosus in a German shorthaired pointer dog with mycophenolate mofetil. Vet. Dermatol. 2019, 30, 
350. 
20. Wang, P.; Zangerl, B.; Werner, P.; Mauldin, E.A.; Casal, M.L. Familial cutaneous lupus erythematosus 
(CLE) in the German shorthaired pointer maps to CFA18, a canine orthologue to human CLE. 
Immunogenetics 2010, 63, 197–207. 
21. Purcell, S.; Neale, B.; Todd-Brown, K.; Thomas, L.; Ferreira, M.A.; Bender, D.; Maller, J.; Sklar, P.; de Bakker, 
P.I.; Daly, M.J.; et al. PLINK: A tool set for whole-genome association and population-based linkage 
analyses. Am. J. Hum. Genet. 2007, 81, 559–575. 
22. Zhou, X.; Stephens, M. Genome-wide efficient mixed-model analysis for association studies. Nat. Genet. 
2012, 44, 821–824. 
23. Qqman: Q-Q and Manhattan Plots for GWAS Data. R Package Version 0.1.4. Available online: 
https://CRAN.R-project.org/package=qqman (accessed on 5 December 2019). 
24. Jagannathan, V.; Drögemüller, C.; Leeb, T.; Dog Biomedical Variant Database Consortium (DBVDC). A 
comprehensive biomedical variant catalogue based on whole genome sequences of 582 dogs and eight 
wolves. Anim. Genet. 2019, 50, 695–704. 
25. McKenna, A.; Hanna, M.; Banks, E.; Sivachenko, A.; Cibulskis, K.; Kernytsky, A.; Garimella, K.; Altshuler, 
D.; Gabriel, S.; Daly, M.; et al. The Genome Analysis Toolkit: A MapReduce framework for analyzing next-
generation DNA sequencing data. Genome Res. 2010, 20, 1297–1303. 
26. Cingolani, P.; Platts, A.; Wang, L.L.; Coon, M.; Nguyen, T.; Wang, L.; Land, S.J.; Lu, X.; Ruden, D.M. A 
program for annotating and predicting the effects of single nucleotide polymorphisms, SnpEff: SNPs in the 
genome of Drosophila melanogaster strain w1118; iso-2; iso-3. Fly 2012, 6, 80–92. 
27. Bai, B.; Zhao, W.M.; Tang, B.X.; Wang, Y.Q.; Wang, L.; Zhang, Z.; Yang, H.C.; Liu, Y.H.; Zhu, J.W.; Irwin, 
D.M.; et al. DoGSD: The dog and wolf genome SNP database. Nucleic Acids Res. 2015, 43, 777–783. 
28. Plassais, J.; Kim, J.; Davis, B.W.; Karyadi, D.M.; Hogan, A.N.; Harris, A.C.; Decker, B.; Parker, H.G.; 
Ostrander, E.A. Whole genome sequencing of canids reveals genomic regions under selection and variants 
influencing morphology. Nat. Commun. 2019, 10, 1489. 
29. The Welcome Trust Case Control Consortium. Genome-wide association study of 14,000 cases of seven 
common diseases and 3,000 shared controls. Nature 2007, 447, 661–678. 
30. Majer, O.; Liu, B.; Kreuk, L.S.M.; Krogan, N.; Barton, G.M. UNC93B1 recruits syntenin-1 to dampen TLR7 
signaling and prevent autoimmunity. Nature 2019, 575, 366–370. 
31. Kashuba, V.I.; Protopopov, A.I.; Kvasha, S.M.; Gizatullin, R.Z.; Wahlestedt, C.; Kisselev, L.L.; Klein, G.; 
Zabarovsky, E.R. hUNC93B1: A novel human gene representing a new gene family and encoding an unc-
93-like protein. Gene 2002, 283, 209–217. 
32. Kim, Y.-M.; Brinkmann, M.M.; Paquet, M.-E.; Ploegh, H.L. UNC93B1 delivers nucleotide-sensing toll-like 
receptors to endolysosomes. Nature 2008, 452, 234–238. 
33. Saitoh, S.; Miyake, K. Regulatory molecules required for nucleotide-sensing Toll-like receptors. Immunol. 
Rev. 2009, 227, 32–43. 
34. Majer, O.; Liu, B.; Woo, B.J.; Kreuk, L.S.M.; Van Dis, E.; Barton, G.M. Release from UNC93B1 reinforces the 
compartmentalized activation of select TLRs. Nature 2019, 575, 371–374. 
Genes 2020, 11, 159 10 of 10 
 
35. Fukui, R.; Saitoh, S.; Kanno, A.; Onji, M.; Shibata, T.; Ito, A.; Onji, M.; Matsumoto, M.; Akira, S.; Yoshida, 
N.; et al. Unc93B1 restricts systemic lethal inflammation by orchestrating Toll-like receptor 7 and 9 
trafficking. Immunity 2011, 35, 69–81. 
36. Casrouge, A.; Zhang, S.Y.; Eidenschenk, C.; Jouanguy, E.; Puel, A.; Yang, K.; Alcais, A.; Picard, C.; 
Mahfoufi, N.; Nicolas, N.; et al. Herpes simplex virus encephalitis in human UNC-93B deficiency. Science 
2006, 314, 308–312. 
37. Tabeta, K.; Hoebe, K.; Janssen, E.M.; Du, X.; Georgel, P.; Crozat, K.; Mudd, S.; Mann, N.; Sovath, S.; Goode, 
J.; et al. The Unc93b1 mutation 3d disrupts exogenous antigen presentation and signaling via Toll-like 
receptors 3, 7 and 9. Nat. Immunol. 2006, 7, 156–64. 
38. Deane, J.A.; Pisitkun, P.; Barrett, R.S.; Feigenbaum, L.; Town, T.; Ward, J.M.;  Flavell, R.A.; Bolland, S. 
Control of toll-like receptor 7 expression is essential to restrict autoimmunity and dendritic cell 
proliferation. Immunity 2007, 27, 801–810. 
39. Pisitkun, P.; Deane, J.A.; Difilippantonio, M.J.; Tarasenko, T.; Satterthwaite, A.B.; Bolland, S. Autoreactive 
B cell responses to RNA-related antigens due to TLR7 gene duplication. Science 2006, 312, 1669–1672. 
40. Subramanian, S.; Tus, K.; Li, Q.Z.; Wang, A.; Tian, X.H.; Zhou, J.; Liang, C.; Bartov, G.; McDaniel, L.D.; 
Zhou, X.J.; et al. A Tlr7 translocation accelerates systemic autoimmunity in murine lupus. Proc. Natl. Acad. 
Sci. USA 2006, 103, 9970–9975. 
 
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 
article distributed under the terms and conditions of the Creative Commons Attribution 
(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 
 
